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The formation of light-induced conical intersections (LICIs) between electronic states of diatomic
molecules has been thoroughly investigated over the past decade. In the case of running laser waves, the
rotational, vibrational, and electronic motions couple via the LICI giving rise to strong nonadiabatic
phenomena. In contrast to natural conical intersections (CIs) which are given by nature and hard to
manipulate, the characteristics of LICIs are easily modified by the parameters of the laser field. The
internuclear position of the created LICI is determined by the laser energy, while the angular position
is given by the orientation of the transition dipole moment (TDM) with respect to the molecular axis.
In the present communication, using MgH+ as a showcase example, we exploit the strong impact
of the orientation of the TDMs exerted on the light-induced nonadiabatic dynamics. Comparing the
photodissociations induced by parallel or perpendicular transitions, a clear signature of the created
LICIs is revealed in the angular distribution of the photofragments. Published by AIP Publishing.
https://doi.org/10.1063/1.5054775
Conical intersections (CIs)—the primary cause for nona-
diabatic dynamics in polyatomic molecules—play a very
important role in different fields of physics and chemistry.
However, according to the well-known non-crossing rule, con-
ical intersections are not available in diatomic molecules in
field-free space.
At a CI, the nonadiabatic couplings become singular, giv-
ing rise to intense nonadiabatic effects widely studied in the
literature.1–7 In several fundamental chemical dynamical phe-
nomena such as vision, photosynthesis, or the photochemistry
of DNA, CIs serve as efficient and ultrafast channels for the
decay processes. These naturally occurring CIs are not isolated
points in the nuclear configuration space but rather form a seam
of 3N-8 dimensions (N is the number of atoms). Clearly, the
position of natural CIs and the strength of the related nonadia-
batic couplings are inherent properties of the electronic states
of a molecule and are difficult to manipulate.8,9
However, when molecules are exposed to resonant laser
light, a new feature emerges. This feature is a CI induced by
the light which cannot be avoided even in the case of diatomic
molecules.10,11 The angle θ between the laser polarization and
the molecular axis provides the missing dynamical variable
that together with the vibrational coordinate constitutes the
branching space in which the induced CI can exist. We note
here that this phenomenon is general and not restricted to run-
ning waves. Light-induced conical intersections (LICIs) can
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also emerge in standing waves which form optical lattices10
widely used in cold-atom physics.
The internuclear position of LICIs is determined by the
laser frequency, while the angular position is defined by the
orientation of the transition dipole moment (TDM). Further-
more, the laser intensity controls the strength of the nonadi-
abatic couplings associated with the LICI. Consequently, the
characteristics of LICIs are easily manipulated by the laser
parameters.11
In the past decade, numerous theoretical12–23 and experi-
mental24 studies have demonstrated the strong impact of LICIs
on the spectroscopic and dynamical properties of diatomic
molecules. In particular, two robust effects served as direct
signatures for LICIs—one found in the angular distribution
of the D+2 fragments
18 and one in the field-dressed spectra of
the Na2 molecule.23 Owing to the large number of vibrational
coordinates, LICIs are ubiquitous in polyatomic molecules.
They become multidimensional in the nuclear coordinate
space, opening the door for manipulating and controlling
nonadiabatic effects with light.25
Recently, the competition between intrinsic and light-
induced nonadiabatic phenomena in strongly coupled
diatomics such as NaI and LiF has been reported.26–28 In these
studies, the LICI was found to provide a very efficient pathway
for extremely fast population transfer between the electronic
states under consideration.
In this communication, we go beyond previous investi-
gations and study a physical event that can provide a new
direct observable signature of light-induced conical intersec-
tions. Studying the MgH+ molecular ion29–37 as a showcase
0021-9606/2018/149(18)/181101/5/$30.00 149, 181101-1 Published by AIP Publishing.
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example, our principal aim is to reveal the laser-induced
nonadiabatic dynamics from the TDM orientation point of
view. More precisely, we simulate the photodissociation of
this system induced by perpendicular (Σ→ Π) and parallel (Σ
→ Σ) transitions. Depending on the orientation of the TDMs,
the angular position of the induced CI occurs at different laser-
molecule orientations, which is expected to have a fingerprint
in the angular distribution of the photofragments. The present
paper is therefore devoted to the detailed investigation of this
phenomenon.
In our nuclear dynamical study, two low-lying electronic
states of MgH+, the 1Σ+ ground and the 1Π second excited
states are considered (labeled as Σ1 and Π1, respectively;
FIG. 1. (a) Field-free potential energy curves of the Σ1 (red line) and
Π1 (green line) electronic states of the MgH+ molecular ion applied in the
present dynamical treatment. The light-dressed ground state is presented by
the solid blue line. The dashed gray lines show further singlet Σ states. (b)
Permanent dipole moments of the considered Σ1 (red dashed line) and Π1
(green dashed line) states, as well as the corresponding Σ1 → Π1 transition
dipole moment function (solid blue line). (c) Dressed adiabatic lower (blue)
and upper (red) potential energy surfaces for the perpendicular Σ1 → Π1
transition in MgH+ representing the LICIs at θ = 0 and θ = pi.
see Fig. 1). The full time-dependent nuclear Hamiltonian
of MgH+ in the space of these two electronic states is a
3 × 3 matrix. However, as the Π1 state is degenerate, one
can, depending on the field polarization, transform it to a
state which couples to the Σ1 and a state which decouples
from the dynamics. The resulting 2 × 2 Hamiltonian then
reads
ˆH(t) =
(
− 1
2Mr
∂2
∂R2
+
1
2MrR2
L2θ
)
1 + *,
VΣ1 0
0 VΠ1
+-
−E0 cos(ωt) · sin2(pit/T ) *,
µΣ1 cos θ µΣ1Π1 sin θ
µΣ1Π1 sin θ µΠ1 cos θ
+-.
(1)
On the right-hand side of Eq. (1), the first term includes
the vibrational and rotational kinetic energy operators with Mr
being the reduced mass and R being the internuclear distance.
Lθ is the angular momentum operator (the Hamiltonian con-
serves the projection m of the angular momentum) and θ is
the angle between the molecular axis and the laser polariza-
tion. In the second term, VΣ1 and VΠ1 are the potential energies
corresponding to the Σ1 and Π1 electronic states, respectively.
The third term describes the interaction with the laser field in
the dipole approximation. Here, E0 is the electric field ampli-
tude, ω is the frequency, while T is the pulse duration. µΣ1
and µΠ1 denote the permanent dipoles, while µΣ1Π1 is the
transition dipole moment between the two electronic states.
Equation (1) describes rotating-vibrating molecules (2D sim-
ulations), but we will make comparisons to the so-called 1D
simulations where the rotation is frozen. The correct 1D calcu-
lation to describe a molecule in a laser field requires averaging
over numerous computations done for different values of the
θ parameter. This approach is also necessary for comparison
with the full (i.e., 2D) solution of the problem where both R
and θ are treated as dynamical variables.
For MgH+, the TDM between the Σ1 and Π1 states is
perpendicular to the molecular axis and, hence, also to the
permanent dipoles. From now on, we refer to this system as
the “real system.” In order to study the impact of the direction
of the TDM, we define a “model system” in which the Σ→ Π
TDM is artificially twisted parallel to the molecular axis as if
it were a Σ→ Σ TDM. The corresponding Hamiltonian is the
same as in Eq. (1), except for the last term, in which the sin θ
factors are changed to cos θ accordingly.
All the numerical results presented in this work have been
determined by employing the full Hamiltonian in Eq. (1).
However, before proceeding further, we would like to elu-
cidate the emergence of LICIs for both perpendicular and
parallel transitions. For that purpose, it is useful to sim-
plify and reduce the Hamiltonian further. First, the so-called
dressed state representation38 is used. Since the laser fre-
quency employed is high, one may neglect the permanent
dipoles in Eq. (1) which average to zero in high-frequency
fields25 and, furthermore, employ the well-known rotating
wave approximation (see the supplementary material). The
calculations with the full Hamiltonian in Eq. (1) support these
two steps. The resulting simplified Hamiltonian takes on the
form
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ˆHD(t) =
(
− 1
2Mr
∂2
∂R2
+
1
2MrR2
L2θ
)
1 + *,
VΣ1 + ~ω 0
0 VΠ1
+-
−E0 · sin2(pit/T )*.,
0 µΣ1Π1 sin θ2
µΣ1Π1 sin θ
2 0
+/-. (2)
In this picture, the laser light shifts the energy of the
Σ1 ground potential curve by ~ω and a crossing between the
shifted ground (VΣ1 +~ω) and the excited (VΠ1 ) potential energy
curves is created [Fig. 1(a)].
By diagonalizing the potential energy matrix [second
+ third terms in Eq. (2)], one obtains the adiabatic lower
and upper potential surfaces27 seen in Fig. 1(c) for the max-
imum of the pulse. These two surfaces cross giving rise to
conical intersections whenever the conditions sin θ = 0(θ = 0,
θ = pi) and VΣ1 + ~ω = VΠ1 are simultaneously fulfilled. For
the parallel transition, the sin θ factors are replaced by cos θ in
Eqs. (1) and (2). Consequently, the internuclear LICI position
R is unaffected, but the angular criterion is modified to cos θ
= 0(θ = pi/2). Namely, for perpendicular transitions, the LICIs
occur at θ = 0; θ = pi, while for parallel transitions, at θ = pi/2.
The dressed adiabatic surfaces of the model are similar to
those in other parallel transition cases18,26 and are shown in
the supplementary material. We stress again that it is Eq. (1)
which is used in the dynamical simulations, and Eq. (2) is
used to provide the pictorial tool for the understanding of
the LICI phenomenon. We add, however, that the dynamical
results obtained with Eq. (1) are very similar to those obtained
with Eq. (2).
The MCTDH (multi configurational time-dependent
Hartree) method39–43 has been used to solve the time-
dependent Schro¨dinger-equation. The R degree of freedom
(DOF) was defined on a sin-DVR (discrete variable representa-
tion) grid (NR basis elements for R = 1.058–21.16 Å). The rota-
tional DOF, θ, was described by Nθ Legendre-polynomials,
Pml (cos θ), with m = 0 and l = 0, 1, . . ., Nθ − 1. In the
MCTDH wave function representation, these primitive basis
sets (χ) are then used to construct the single particle functions
(φ) whose time-dependent linear combinations form the total
nuclear wavepacket (ψ),
φ
(q)
jq (q, t) =
Nq∑
i=1
c
(q)
jqi (t)χ
(q)
i (q), q = R, θ,
ψ(R, θ, t) =
nR∑
jR=1
nθ∑
jθ=1
AjR,jθ (t)φ(R)jR (R, t)φ
(θ)
jθ (θ, t)·
(3)
The actual number of basis functions were NR = 1024
and Nθ = 61, 301, 501 for the vibrational and rotational
DOFs, respectively. The number of single particle functions
for both DOF on the Σ1 and Π1 electronic states was rang-
ing from 10 to 18 and 10 to 24, respectively. The values of
Nθ and nR = nθ were chosen depending on the peak laser
intensity so as to provide proper convergence. In order to
minimize unwanted reflections and transmissions caused by
the finite length of the R-grid, complex absorbing potentials
(CAP) have been employed at the end of the grid (last 5.29 Å).
The dissociating nuclear wavepacket absorbed by the CAP
has been applied to calculate the angular distribution of the
photofragments,
P(θj) = 1
wj
∞∫
0
〈ψ(R, θ, t)|Wθj |ψ
(
R, θ, t〉dt. (4)
In Eq. (4), wj is the weight factor corresponding to
the relevant grid point in the applied DVR and −iWθj is
the projection of the CAP on a specific grid point asso-
ciated with the rotational DOF. To calculate the potential
energy and dipole moment curves presented in Fig. 1, the
Molpro44 package has been utilized. These quantities were
calculated at the MRCI/aug-cc-pVQZ level of theory based
on four-state-averaged CASSCF/aug-cc-pVQZ computations
and good agreement with other studies31 has been achieved.
In our simulations, the following scenario is considered.
The system, initially in the lowest rovibrational eigenstate of
Σ1, is excited to Π1 with a single resonant laser pulse duration
of T = 80 fs and a carrier frequency 6.56 eV [see Fig. 1(a)].
As a result, the molecule directly dissociates into Mg+ and
H fragments for which the angular distributions are shown
in Fig. 2. Here, the results for 1D and 2D simulations are
compared for both the model [Figs. 2(a) and 2(c)] and the real
FIG. 2. Angular distributions of the
MgH+ photofragments dissociating on
Π1, computed in 1D (red dashed lines)
and 2D (blue solid lines). Results for the
parallel (left panels) and perpendicular
transitions (right panels) are compared
for two intensities.
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system [Figs. 2(b) and 2(d)]. Let us first discuss the model
system. As seen in Fig. 2(a), at low intensity, no dissociation
occurs at θ = pi/2 and a qualitatively similar behavior is revealed
in both 1D and 2D. However, upon increasing the intensity,
the molecules are rotated toward the parallel direction in 2D,
leading to a generally more bumpy structure compared to the
1D case where the molecules do not rotate [Fig. 2(c)]. Similar
observations were found recently in the photodissociation of
the D+2 and H
+
2 molecular ions.
17,24
In sharp contrast to the model system, remarkable qualita-
tive differences between 1D and 2D are clearly seen in the real
system. The angular distributions obtained in the 1D descrip-
tion exhibit perfect mirror images of those computed for the
model system reflecting the different TDM orientations in the
two calculations. However, in the 2D description, where the
molecules can be dynamically rotated by the field, a com-
pletely unexpected trend is revealed. Here, a non-negligible
amount of dissociation occurs in the vicinity of θ = 0 even at
low intensity, which is further enhanced at stronger couplings.
In spite of the zero dipole coupling at θ = 0, the MgH+ ions
tend to dissociate in this direction in the Π1 electronic state.
This finding is in total contrast to the 1D results where no
dissociation at all is predicted for θ = 0!
The robust dissociation occurring at θ = 0 in 2D [Figs. 2(b)
and 2(d)] cannot be explained without the strong nonadia-
batic effects due to the existence of the LICI. In MgH+, the
LICI occurs at θ = 0 (and θ = pi), while for the model at θ
= pi/2. According to the energetic landscape of the light-dressed
upper adiabatic potential energy surfaces [see Fig. 1(c)], the
excited system is rotated towards the θ = 0 and θ = pi direc-
tions. At θ = 0 and θ = pi, the LICI becomes responsible for
the significant dissociation in these directions (note the zero
coupling at this angle). In other words, the strong nonadia-
baticity introduced by the intense field turns the molecules
parallel to the polarization direction which can then travel
through the LICI to the lower adiabatic surface on which they
dissociate.
This behavior is illustrated in Fig. 3, where the total
nuclear density (|ψ(R, θ, t)|2 = |ψΣ1 (R, θ, t)|2 + |ψΠ1 (R, θ, t)|2)
is presented for several time moments (for the individual dia-
batic state nuclear densities and populations, see the supple-
mentary material). Here, the laser pulse is centered around
t = 40 fs, and the higher intensity is applied in order to better
visualize the induced strong nonadiabatic effects (I0 = 1013
W/cm2). According to the intensity profile of the laser pulse,
the laser-induced nonadiabaticity and the dressed adiabatic
potentials vary in time. After some initial propagation of the
density in the direction about θ = pi/2 [Figs. 3(a) and 3(b)]
which is attributed to the isotropic initial distribution (J = 0),
new peaks start to develop at θ = 0 and θ = pi directions
[Fig. 3(c)]. These peaks intensify at later times and become
responsible for the pronounced peaks found in the angular
distribution in Fig. 2(d). The appearance of the peaks in the
close vicinity of the LICIs (denoted by white crosses in Fig. 3)
coincides with the temporal maxima of the laser pulse, namely,
when the nonadiabatic effects are the strongest. This confirms
that the significant peaks found in the angular distributions
originate from population transfers that take place via the
LICIs.
The essence of these findings can also be interpreted
with the help of selection rules. Accordingly, odd J value
wavepacket components are excited to Π1 in the “parallel
TDM” situation (〈Y0|cos θ|Y J〉), while for the “perpendicu-
lar TDM” case, even J values appear (〈Y0|sin θ|Y J〉). As the
odd Legendre-polynomials of cos θ all have a node at cos θ
= 0, i.e., θ = pi/2, the local density on Π1 vanishes there,
while no such kind of behavior happens for even J compo-
nents. Consequently, no dissociation is expected at θ = pi/2 for
the “parallel TDM” situation, and the dissociation can occur at
any angle for the “perpendicular TDM” case as seen in Fig. 2.
We mention that due to the strong nonadiabatic effects, J val-
ues up to about 14 are found to be populated after the pulse has
expired.
A few words about the role of permanent dipoles: We
note that they cannot affect the angular LICI position, but
can perturb the internuclear R position of the LICI in the
case of perpendicular transitions. In the present investiga-
tion, the impact of these moments has been found to be
FIG. 3. Time-evolution of the MgH+ nuclear density induced by a T = 80 fs long laser pulse of ~ω = 6.56 eV energy and I0 = 1013 W/cm2 peak intensity. The
sin-square shape pulse is centered around 40 fs, hence the snapshots follow the Σ1 → Π1 population transfer mediated by the LICIs at θ = 0 and θ = pi (denoted
by white crosses). All the panels show the results of 2D calculations.
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negligible, but in strongly polar molecules, they can have an
impact on the laser-induced nonadiabatic dynamics. As they
are parallel to the molecular axis, the field tends to rotate
strongly polar molecules to become parallel to the laser polar-
ization. In the case of parallel transitions, this will further
suppress nonadiabatic effects as the wavepacket moves away
from the LICI, but in the case of perpendicular transitions, the
field will further push the wavepacket in the direction of the
LICI and a significant enhancement of the nonadiabatic effects
is expected.
In summary, the obtained results undoubtedly demon-
strate the direct impact of the laser-induced conical intersec-
tions on the dissociation dynamics of MgH+. The structure
of the angular distributions at θ = 0 reveals strong nona-
diabatic effects caused by the LICI. The molecules rotated
by the field parallel to the polarization direction can travel
through the LICI and dissociate on the lower adiabatic sur-
face. We hope that the reported significant impact of the TDM
orientation on the dynamics and the resulting angular distribu-
tion of the dissociating photofragments will find experimental
realizations.
See supplementary material for (i) the rotating wave
approximation transformation steps, (ii) the dressed adiabatic
potential energy surfaces of the model system, and (iii) the
individual diabatic state nuclear densities and populations.
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